Lorentz microscopy has opened the door to observing a single quantized magnetic flux line (i.e. a vortex) and its dynamic behavior inside a superconductor in real time. It resulted from the efforts of Dr Akira Tonomura and his collaborators, who developed a field emission electron microscope and advanced the technologies used for visualizing vortices (e.g. a low-temperature specimen stage and a magnetic-field application system). They used a 1-MV field emission transmission electron microscope with an electron beam that can penetrate thick specimens of high-temperature superconductors (Bi 2 Sr 2 CaCu 2 O 8+δ and YB 2 C 3 O 7−δ ) to reveal the flux-line features inside materials and their interactions with defects. This memorial paper reviews the results of research in the area of vortex matter physics.
Introduction
This paper was written in honor of Dr Akira Tonomura, a pioneer in the field of electron holography [1] . Dr Tonomura developed field emission transmission electron microscope (FETEM) and used it to confirm the Aharonov-Bohm (AB) effect [2,3], a significant milestone in the field of quantum mechanics. He also achieved remarkable advances in the field of superconductivity, particularly his electron microscopy observations of quantized magnetic flux lines (i.e. vortices) in mixed-state type-II superconductors [4] .
The author was a member of Dr Tonomura's research team and in this paper reviews his research results in the area of vortex matter physics, especially his observations using a 1-MV FETEM [5] of vortices inside high-temperature (high-T c ) superconductors.
Quantized magnetic flux lines in superconductors
The existence of quantized magnetic flux lines (i.e. vortices) in mixed-state type-II superconductors was theoretically predicted by Abrikosov [6] in 1957. Experimental evidence of a periodic arrangement of vortices was obtained by neutron diffraction [7] in 1967, and the existence of these vortices was directly proved by means of a high-resolution Bitter decoration technique based on a replica method [8] in 1967. After the discovery of high-T c superconductors [9] , much effort was expended on developing techniques for observing individual vortices. They included the Bitter decoration method [10] [11] [12] , scanning tunneling microscopy (STM) [13] , scanning Hall probe microscopy [14] , scanning superconducting quantum interference device (SQUID) microscopy [15] and magnetic force microscopy (MFM) [16] . However, these techniques are mostly static. Although a magneto-optical imaging technique [17] has the performance for time-dependent observation, highresolution observation of individual vortices remains rather difficult.
In case of conventional metallic superconductors, such as isotropic three-dimensional (3D) superconductors, the magnetic flux inside the superconductors is surrounded by circulating supercurrent, and then the flux is quantized of h/2e as an Abrikosov vortex, where h is the Planck constant and e is the electron charge. Figure 1a shows the schematic illustration of the Abrikosov vortex. The vortex size (diameter of the circulating current) is approximated by 2 × (ξ + λ), where λ is the London penetration depth and ξ is coherence length [18] . The high-T c superconductors are known as highly anisotropic materials with layered structure [19] , then the circulating supercurrent surrounding the magnetic flux has also been layered in the ab-plane and stacked along the c-axis, which is named a 'pancake vortex' (Fig. 1b) . Because the high-T c superconductors are ultimately type-II and the coherence length ξ is negligibly small, the vortex size is approximated by 2λ. When the magnetic flux penetrates the high-T c superconductors with an angle with respect to the film surface, each circulating supercurrent (i.e. 'pancake') is shifted along the flux line (Fig. 1c) . Therefore, projection of the tilted vortex is elongated in the tilt direction. When the magnetic flux penetrates the high-T c superconductors parallel to the layer planes, the shielding current is elliptically shaped because of the weak superconducting coupling between the layers (Fig. 1d) . In case of highly anisotropic superconductor, for example Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212), the interaction between the layers is Josephson coupling, so the interlayer vortex is called as a 'Josephson vortex', while in the case of a moderately anisotropic superconductor YBa 2 Cu 3 O 7−δ (Y-123), we call 'interlayer vortex' in this paper.
Brief history of vortex observation by transmission electron microscopy
From the mid-1960s to the early 1970s, researchers used shadow microscopy using a TEM to observe the phase modulation caused by magnetic flux extending from a superconductor to a vacuum, such as the intermediate state of a superconducting lead (Pb) cylinder [20, 21] and foils [22] and of a mixed-state niobium (Nb) foil [23] . Although the contrast due to phase modulation, the 'shadow,' was related to the magnetic flux, the actual image could not be observed.
Vortices trapped in a hollow superconducting Pb cylinder were observed by electron interferometry [24] in 1968. This was done using a cooling electron biprism and an experimental configuration similar to the one theoretically proposed for confirming the AB effect. The phase shift of the interference fringes revealed the existence of quantized magnetic flux h/2e; however, an image of the vortices was not observed.
In 1972, it was theoretically investigated that the vortices lying inside a superconducting thin film could be observed by using a TEM [25] . The interaction between the electron beam and the quantized magnetic flux of h/2e is described by the phase shift of π on the electron wave. The estimated deflection angle for the electron beam is very small (10 −6 rad), the TEMs in those days, however, had insufficient performance for achieving this, so the observation of vortices remained a dream of electron microscopists. In 1989, the first observation of a single quantized flux line extending from a superconducting Pb film was made by Dr Tonomura and his collaborators using the 150-kV FETEM they developed [26] . The parallel electron beams from a field emission gun brought about the success of the first observation. The film's clean and smooth surface was irradiated glancingly with a parallel electron beam, i.e. the 'profile method,' and the magnetic field penetrating the superconducting film was observed by electron holography. A magnetic flux line from a single vortex was confirmed with h/2e corresponding to phase shift π. A closed magnetic line of force, which is considered to correspond to an anti-parallel pair of vortices, was discovered when the superconducting film was thinner than 0.2 μm. The creation of this anti-parallel vortex pair is considered to be one of the physical states in a two-dimensional (2D) system as predicted theoretically by Kosterlitz and Thouless [27] .
When the superconducting film was thicker than 0.2 μm, the physical condition of the superconducting state changed. As Pb is a type-I superconductor, quantized magnetic flux lines cannot individually penetrate it. They form a bundle and penetrate the superconductor, and this might correspond to the intermediate state [28] . For a type-II superconductor of Nb [29] , a periodic row of magnetic flux lines, which corresponds to the shadow micrograph [23] , was observed. The profile method was also used to observe the dynamics of the vortices caused by thermal excitation [30] and electrical driving [31] .
The higher coherency and penetrating electron beam of the 300-kV FETEM [32] developed in 1990 made it possible to observe a static array and the dynamic behavior of vortices by using a transmission method [4] in 1992. Electron holography was used for quantitative observation of the magnetic field structure of a single vortex in a 2D vortex lattice [33, 34] in 1993. The results obtained were interpreted by comparing them with those of calculations based on a theoretical model [35] . Lorentz microscopy in Fresnel mode was used for simultaneous observation of static and dynamic behaviors of vortices in real time [4, 36] . The same technique was used in 1993 to observe vortices and their dynamics in high-T c superconducting thin films of Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) [37] .
Many discoveries by Lorentz microscopy observation followed. In 1996, the dynamic interactions of vortices with artificial pinning centers in Nb thin film were reported [38] . These interactions resulted in vortex lattice movements in the form of 'vortex rivers' when the temperature was increased. Also in 1996, matching effects were visualized-vortex lattices fitted an artificial regular lattice of defects for a series of matching strengths of applied magnetic fields [39] .
In 1997, artificially created vortex-antivortex pair annihilation in Nb thin film was observed [40] . With the application of a magnetic field in the opposite direction, vortices with opposite polarity, i.e. antivortices, hopped into the film. When these antivortices collided with the trapped vortices, they were annihilated.
In 1999, the vortex motion in a Bi-2212 high-T c superconductor was observed [41] and categorized by the temperature and magnetic field, and the phase diagram was clarified [42] . The observed unconventional vortex dynamics, i.e. 'migration,' 'migration-hopping,' and 'hopping,' were discussed in terms of their peculiarities.
Control of individual vortex motion by using a 'ratchet system' aimed at vortex devices [43] was attempted in 2005. The ratchet system is as a kind of wheel that permits only 'unidirectional rotation.' Such a movement occurs when there is a spatially asymmetric periodic potential and symmetric ac driving force. Thus, the rectified motion of individual vortices was observed, and motion control of the vortices was demonstrated by using asymmetric pinning.
In 2000, Dr Tonomura and his collaborators developed an electron microscope with a 1-MV electron beam [5, 44] having a penetration power more than twice that of the previous ones [32] . They used it to study the inside of high-T c superconductor thin films with a thickness of physical interest and to identify the features of vortex peculiarities of layered high-T c superconductors. Figure 2a shows an image of the 1-MV electron microscope [45] . It is 7 m high and weighs 40 tons, making it one of the largest microscopes in the world. It was used to record a lattice image with a 49.8-pm period [44] using conventional high-resolution imaging in 2000 and a finer lattice image with a 25.9-pm period [46] of gold crystal using the dark-field imaging method [47] in 2009. This microscope provides not only an electron beam with high penetration power (more than twice that of the previous 300-kV electron microscope [32] ) but also a bright electron beam (2 × 10 10 A/cm 2 st) and narrow monochromaticity (ΔE/E = 5 × 10 −7 /min) [5] . Figure 2b shows a cross-sectional view of the column of the 1-MV electron microscope around an objective lens. A low-temperature specimen stage for observing vortices is installed in the magneticfield-free space above the objective lens. Highresolution observation is made possible by using a side-entry specimen holder even when the lowtemperature specimen stage is installed. Three electron biprisms, which are used for multi-biprism interferometry [48] , are also installed under the objective lens.
Magnetic field application system
For observation of superconducting vortices, the low-temperature specimen stage was designed to be capable of cooling down to 5 K by using liquid helium and changing the temperature by current heating. Clarifying not only the vortex configuration but also their dynamics and interaction with pinning centers requires that the direction of the external magnetic field applied to the specimen can be controlled appropriately. A direction-free magneticfield application system was developed for this purpose [49] . Figure 3a shows a cutaway model of the fabricated magnetic-field application system with beam deflectors above and below the specimen. The system has three thermal radiation shields, which are connected to the cryostat to cool the system by using liquid nitrogen and liquid helium. Figure 3b shows a schematic of the system's coil configuration. The specimen is set at the center of the system. The central part of the system is composed of three pairs of non-core coils, which can apply a magnetic field of up to 50 mT in any direction to the specimen. The system has 24 coils to compensate for the deflection of the electron beam caused by the applied magnetic field. The coils are made of niobium titanate (NbTi) superconducting wire and are cooled to about 7 K.
An example beam trajectory when horizontal and vertical magnetic fields (Bx, Bz) were applied to a specimen simultaneously is shown in Fig. 3c (red line). The electron beam was first deflected by the top beam deflector (BD1). The beam was deflected in the opposite direction by the second top beam deflector (BD2) and rotated spirally between BD2 and the XY-plane. The beam passed through the XY-plane, where the specimen was, parallel to the optical axis at the origin. Below the specimen, the electron beam was deflected similarly and symmetrically by the third beam deflector (BD3) and fourth beam deflector (BD4). This symmetric deflection control is a basic way of operating a direction-free magnetic-field application system.
Specimen preparation
Observation of individual vortices, vortex lattices and their domain structures requires the use of film specimens that are wider and more uniformly thick than the specimens normally used for highresolution observations. This is because the vortex, especially that of high-T c superconductors, is a few hundred nm in diameter, and thickness undulation artificially generates an unexpected phase contrast in Lorentz micrographs and a disordered vortexlattice configuration. A single-crystalline Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212), whose critical temperature T c is 86 K, specimen grown using the floating-zone method, was first cleaved to a size of about 10 × 10 mm. Thin films were peeled off using tweezers for TEM observation: 150-200 nm thick for 300-kV electron beam observation and 300-400 nm thick for 1-MV observation. The thicker part of the films clamped by the tweezers was fixed to a cooling holder, using indium (In) as a thermal conducting paste. A fairly uniform region within a 100 × 100 μm-wide area was chosen for observation [37] .
Film samples (300-400 nm thick) of singlecrystalline YBa 2 Cu 3 O 7−δ (Y-123), whose critical temperature T c is 91 K, were carefully grown under a twin-free condition by thinning a region (30 × 30 μm wide), using a focused ion beam (FIB) machine [50] . As the ion beam was glancingly radiated to the film surface, the damaged layer at the surface was considered to be very thin. However, the affection to the dynamic behavior was unconfirmed. Figure 4 illustrates the optical system used for Fresnel-mode Lorentz microscopy for vortex observation [4] . A collimated electron beam is irradiated on a film specimen that is tilted 30-45°, and a magnetic field is applied in an arbitrary direction (the horizontal direction is shown as an example in the figure). Since vortices are complete phase objects to the electron wave, no contrast is produced in in-focus images. However, in an out-of-focus image, the phase modulation caused by the vortices in the electron wave is changed to intensity-variation modulation depending on the vortex location. Each vortex can be visualized as a black-and-white contrast feature. This contrast feature depends on the polarity of the vortices and the defocusing direction (i.e. over-or under-focus), and the intensity of the contrast depends on the defocus distance. The size of a black-and-white contrast feature is not equal to that of an actual vortex. Therefore, the quantitative investigation of Lorentz images requires a theoretical interpretation [51, 52] .
Lorentz microscopy
Although vortices can be observed by using the Foucault-mode of Lorentz microscopy [53, 54] , the Fresnel mode is advantageous for observing the dynamic behaviors of vortices under various physical conditions, e.g. temperature and applied magnetic field. Most of the observations in our work were done using the Fresnel mode.
The experimental setup was almost the same as that for magnetic domain observation of ordinary ferromagnetic materials. The deflection angle by the magnetic domains, whose size is a few micrometers, is typically from 10 −4 to 10 −5 rad. The defocus distance (Δf ) is 100-1000 μm for observation of magnetic domain structure. For vortex observation, however, an electron beam with parallel illumination has to be used to visualize the vortices because of their tiny spatial size (a few 100 nm in diameter), and the deflection angle of the electron beam passing through the sample is as small as 10 −6 rad.
Therefore, the defocus distance (Δf ) for vortex observation is 100-3000 mm. The static configurations of the vortices were recorded on an ordinary electron microscope film, for example kodac SO-163, with exposure time 2-60 s. On the other hand, the dynamic behaviors of the vortices were obtained through a Gatan 622 TV camera system and recorded on a conventional VHS video tape system or digital video tape system with 30 frames/s.
A typical Lorentz micrograph obtained with the 1-MV electron microscope is shown in Fig. 4 . The thin cleaved Bi-2212 film was observed at 5 K and 1.5 mT, as shown in Fig. 5 .
Results
Lorentz micrographs obtained with 1-MV electron microscope [4]. This is because the vortices are physical objects that do not depend on the material. The vortex distributions, however, show differences. For the Bi-2212 in (a), the vortices formed a regular array, while they formed a random distribution for the Y-123 in (b). This difference is attributed to differences in the intrinsic pinning force (the pinning force of Y-123 is stronger than that of Bi-2212). This explanation is consistent with the general knowledge of high-T c superconductors.
Interaction with columnar defects in Bi-2212
High-T c superconductors have been expected to be practically used at high temperatures. Their critical current, however, is very low because vortices can move easily when a current-induced force acts on them. Therefore, practical pinning centers or some other mechanism to pin down the vortices is important [19] .
The columnar defects produced by heavy ion irradiation, where the superconductor's crystalline structure is broken, have been considered to be effective pinning centers because the linear structure of the defects fits the flux-line shape in the materials [55] . Therefore, when the flux lines and columns are aligned in the same direction, the pinning force acting on the vortices is expected to be optimal.
To observe vortices with pinning centers, a thin cleaved film of Bi-2212 with columnar defects obliquely irradiated by high-energy (240-MeV) Au +15 ions was prepared [56] . Figure 7a shows an electron micrograph with 10 columnar defects (tiny black lines). The inset micrograph shows an enlarged columnar defect. When the image in Fig. 7a was defocused as a Lorentz micrograph, the tiny columnar defects became invisible, but we could see eight vortices at the positions of the defects (indicated by arrowheads in Fig. 7a and b) . The observation in Fig. 7 was done at 30 K and 0.5 mT [57, 58] . The Lorentz micrograph (Fig. 7b ) reveals two kinds of vortex images, circular and elongated. The elongated vortex images were observed only at the locations of the columnar defects (indicated by the arrowheads) and corresponded to vortices trapped along the tilted columns. The elongated images with low contrast by tilted vortex were confirmed by simulation [59] . The circular vortex images were observed in regions without defects and thus correspond to vortices perpendicularly penetrating the film. These findings have enabled us to use vortex images to investigate the flux-line feature inside a superconductor.
When the applied magnetic field was removed, i.e. 0 mT, the trapped vortices aligned with the columnar defects, as shown in Fig. 8a . Even after the applied field was reversed, they remained while those perpendicular to the film left and then disappeared. These observations clearly showed that columnar defects can pin vortices effectively. When the temperature of the superconductor was lowered to 10 K, the image of the trapped vortices changed to circular, as shown in Fig. 8b . This was a surprising result because the vortices lying along the tilted columnar defects 'stood up' perpendicularly to the film. This shows that there were numerous minor atomic-size defects (e.g. oxygen defects), which became effective at lower temperatures. This is consistent with our earlier observation of vortex 'migration' and 'hopping' [41, 42] : 'migration' occurred at temperatures lower than 25 K, migration speed decreased at low temperatures and 'hopping' occurred at temperatures higher than 25 K. These observations of individual vortices in real time by microscopy were an important milestone.
Chain structure in Bi-2212 and Y-123
When there are no defects, vortices usually form a triangular lattice when a magnetic field is applied perpendicularly to the film. This is the case even for anisotropic layered high-T c superconductors. When a magnetic field was applied obliquely to the layer plane, however, the Bitter decoration method revealed that vortices formed alternate domains of linear chains and triangular lattices in Bi-2212 [11] and arrays of linear chains along the projected direction of the magnetic field on the film in Y-123 [12] . It was impossible to observe those chain structures due to the small thickness of film observable with a 300-kV electron beam. However, the 1-MV electron microscope made it possible to observe, under a tilted magnetic field condition, linear chains of vortices running through the triangular lattice (chain-lattice state) in Bi-2212 [60] and the chain vortices (chain state) in Y-123 [50], as shown in Fig. 9 . Figure 10 shows a Lorentz micrograph of the chain structure in a rather wide area of Bi-2212. The inset shows the experimental setup used to take the micrograph. Although three chains and regular triangular lattices are clearly observed, all the vortices have a similar circular shape and are not elongated in any direction. If flux lines are strongly tilted at the angle of the applied magnetic field, the vortex images in Fig. 10 should be elongated. Therefore, both chain vortices and lattice vortices stood perpendicular to the layer plane.
When the applied magnetic field was increased, the vortices on the chain rows were connected and took on a linear form in the image because of their high density.
The experimental setup used to observe the chain structure and a resultant micrograph are shown in Fig. 11 . The film sample was set at 30°, similar to the case shown in Fig. 10 , but the azimuth of the applied magnetic field was rotated about 90°. Although all the vortex images including the chain rows were clearly observed at low temperature, some vortices on the chain rows disappeared at 70 K (Fig. 11) . These partial disappearances increased with the temperature.
Apparently, the vortices on the chain rows become incommensurate with the potential distribution, so they were unstable. The vortices on the [60] . 2013 chain moved and vibrated more easily than the other vortices comprising the triangular lattice. Their motion was too fast to record even with a television-video system. The discovery of this vortex disappearance gave us a clue to the mechanism of the chain structure in Bi-2212.
An interesting model for the chain-lattice state was proposed by Koshelev [61] : Josephson vortices penetrate between the layers along the projected direction of the magnetic field applied to the film and the vortices perpendicularly crossing the Josephson vortices form chains. Our finding that both chain vortices and lattice vortices stand up and do not tilt is direct evidence supporting this model. The most direct confirmation of this model would, of course, be if Josephson vortices could be observed along the chain vortices. However, the Josephson vortices extended widely ( 40-80 μm in size) between the layers and were, therefore, difficult to visualize even with the 1-MV electron microscope. However, Josephson vortices were evident since we could observe these perpendicular vortices penetrating the sample along the straight lines determined by the Josephson vortices, as shown in Fig. 12 .
When a magnetic field is applied parallel to the layer plane, no vertical vortices are produced, so no vortex images can be seen even if there are Josephson vortices in the film. When the vertical magnetic field is increased, vertical vortices initially begin to appear along straight lines as if the lines were determined originally. Figure 12a shows that the vortices were arranged along straight lines with large intervals between the lines. Therefore, the assumption that vertical vortices crossing Josephson vortices form chains could explain the observation. When the vertical magnetic field was increased further, vertical vortices appeared in this field of view, and they were all along the straight lines (Fig. 12b) . When the vertical magnetic field exceeded 0.12 mT, vertical vortices also appeared between the chains of vortices, as shown in Fig. 12c . After applying the vertical magnetic field further, vertical vortices made a regular lattice configuration because of their high density.
For the Y-123, the vortices formed arrays of linear chains in the direction of the tilting field. This chain state is explained by anisotropic London theory as the tilting of the flux lines [62] . The elongation of vortex images in Lorentz micrograph when a magnetic field of 0.3 mT was tilted away from the c-axis of the Y-123 confirmed the tilting of the vortices [50]. Example Lorentz micrographs are shown in Fig. 13 . The vortex images were circular when the magnetic field angle was 75° (Fig. 13a) and the defocus distance was 300 mm. When the angle exceeded 80° (  Fig. 13b and c) , the vortices begin to form chains in the longitudinal direction. At the same time, the vortex images gradually became elongated in the direction of the chains. This gradual image elongation with an increase in the angle provides direct evidence that flux lines tilt in the direction of the chains. This confirms that the chain structure is formed by attractive interaction between tilted flux lines [63] . When the applied field angle was 84° (  Fig. 13d) , some of the vortices appeared to have a dumbbell feature. When the angle was 85° (Fig. 13e) , the vortices appeared elongated further and some of them had a splitting contrast feature. This simple model of the tilting of flux lines in Y-123 was confirmed by theoretical investigation of the relationship between the flux-line configuration and the image contrast [64, 65] .
Interlayer vortices in Y-123
Although the Josephson vortices in a highly anisotropic Bi-2212 high-T c superconductor play an important role in the magnetic response of the superconductor and are expected to be used practically, for example, as Terahertz radiation sources [66] , they had never been directly observed even by using the 1-MV electron microscope, because they extended widely between the superconducting layers. Direct observation using Lorentz microscopy revealed the dynamic behaviors of interlayer vortices in ab-plane films of moderately isotropic Y-123 [67] .
ab-plane Figure 14 shows a Lorentz micrograph of the interlayer vortices in ab-plane film of twin-free singlecrystalline Y-123 thicker than 0.4 μm fabricated with an FIB machine. Each line in the micrograph corresponds to an individual interlayer vortex. The enclosed magnetic flux of h/2e inside a single line was confirmed by measuring the relative phase shift of π by electron holography. The vortex configuration lying inside the superconducting thin film is similar to that proposed in a previous theoretical investigation, as mentioned above [25] , and the image contrast was also theoretically and numerically investigated [64, 65] . When the applied magnetic field parallel to the film plane was increased, the density of interlayer vortices increased proportionally with the magnetic field.
Interlayer vortices were produced in ab-plane film only when a magnetic field over 10 mT was parallel (−0.5 to +0.5°) to the layer plane under field-cooled conditions. Once produced, they behaved as if they were firmly trapped between layers. However, when the magnetic field was tilted over 3°, the image of the interlayer vortices suddenly changed to black-andwhite contrast, i.e. it became an ordinary image of vortices perpendicularly penetrating the superconducting thin film. It seems to be the similar phenomenon of the lock-in transition of vortices which was frequently observed in Bi-2212 [68] .
ac-plane
The elliptical cross-section of interlayer vortices in Y-123 was also observed [67] when a magnetic field was applied perpendicular to the film plane, which was fabricated parallel to the ac-plane with an FIB machine. Interlayer vortices penetrating the ac-plane film sample are shown in Fig. 15 .
The images of the vortices are elongated along the a-axis or the c-plane, revealing the elliptical crosssections of the vortices. The observed images are similar to those obtained with the surface observation techniques, i.e. the Bitter decoration method [69] and the SQUID microscopy [70] . However, we were observing the vortices themselves inside high-T c superconductors, so we could observe their dynamics as well. In fact, when the magnetic field was reduced, these vortices began to move only in the direction of the a-axis, never in different directions. This indicates strong intrinsic pinning due to the layer structure. The average of velocity of the vortices at 5 K was 300 nm/s.
Summary and prospects
As shown in this review of vortex matter physics research using electron microscopy, the 1-MV FETEM opened a new window on ways to visualize not only the dynamic behaviors of vortices but also the fluxline features inside high-T c superconductors. There have been several remarkable achievements in the field of vortex matter physics, and the development and application of electron microscopy by Dr Tonomura and his collaborators led to the realization of the dream of electron microscopists.
The phase microscopy we developed is not limited to superconductivity. The bright electron beam with its high penetration power has brought about new possibilities in science and technology. The next-generation microscope, a 1.2-MV holography electron microscope, is now under development [71] . This microscope will be applied to elucidate the quantum phenomena not only on a microscopic scale but also on a nanoscopic scale. 
